Abstract: MoO 3 nanobelts were prepared by a one-step hydrothermal method and then assembled with aluminum nanoparticles using polyvinylpyrrolidone as a binder. The physicochemical properties of the as-prepared samples were carefully characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction, thermogravimetric analysis/differential scanning calorimetry, and drop weight impact test. The results showed that the T onset of Mo-Al-0, Mo-Al-1, Mo-Al-2, and Fe-Al-0 are 474.8°C, 484.2°C, 478.5°C, and 514.8°C, respectively, which are 66.0°C, 56.6°C, 62.3°C, and 26.0°C lower than that of pure Al-NPs (540.8°C). The total exothermic heat of selfassembled MoO 3 /Al during DSC test is about 2626.9 J/g, which is 229.6, 420.8, and 11.1 J/g higher than that of Al/ commercial MoO 3 , Al/hydrothermal MoO 3 , and Al/referenced Fe 2 O 3 . Furthermore, the high exothermic self-assembled MoO 3 /Al thermite is totally insensitive to impact.
Introduction
Because of the high energy densities and reaction temperatures, energetic materials composed of fuel and oxidizer have received considerable attention. Aluminum as fuel has been the principal ingredient in most fuel-rich solid rocket propellant and other propulsive systems, owing to its high oxide reducing potential, availability, low vapor pressure, and low melting temperature [1] [2] [3] [4] [5] . Reducing the structure size to nanoscale has some critical advances in many important materials, including energetic materials. Nanocomposite energetic materials containing aluminum nanoparticles (Al-NPs) have been studied extensively, which show significantly lower ignition temperature, higher reactivity, and faster propagation rate than that of the conventional aluminum [6] [7] [8] [9] , due to their shorter diffusion distance, larger contact areas, and better homogeneity of fuel and oxidizer particles. Among the candidates for the metal oxides, such as Fe 2 3 . Researches indicate that an Al/ MoO 3 nanothermite can provide favorable ignition property compared to pure aluminum in oxidizing atmospheres because any reduced molybdenum metal could be reoxidized at high temperature. After that, MoO 3 still acts as an oxidizer in oxygen-containing atmospheres. If less MoO 3 content was used in the thermite, the composite could potentially provide the majority of high-energy aluminum with superior ignition characteristics [10] [11] [12] [13] [14] [15] . Nowadays, various methods have been developed to prepare nanothermites, including physical mixing, sol-gel, ultrasonic method, and arrested reactive milling [16] [17] [18] [19] [20] [21] .
In this work, we used a one-step hydrothermal method to prepare MoO 3 nanobelts, and the as-synthesized MoO 3 nanobelts were used to integrate with Al-NPs through two different approaches. The first way is to mix Al-NPs with MoO 3 nanobelts by ultrasonication, and another way is to combine Al-NPs with MoO 3 through a self-assembly method using polyvinylpyrrolidone (PVP) as a stabilizer. The nanoaluminum can be arranged around metallic oxidizers in an ordered manner, and these thermites can provide more active sites and a higher rate of energy release and increase the contact areas between Al-NPs and 
Materials and methods

Materials and reagents
All the chemicals were of analytical grade and used as purchased without any further treatment. Al-NPs were obtained from Beijing Nachen Technology Co., Ltd., with an average size of 100 nm and a purity of 72%. Referenced MoO 3 was purchased from Kaituo Muye Co., Ltd., with an average size of 100 nm and a purity of 99.5%, and was marked as MoO 3 -0. Referenced Fe 2 O 3 was from Beijing Nachen Technology Co., Ltd., with an average size of 100 nm and a purity of 99.9%.
Sample preparation
Synthesis of MoO 3 nanobelts
MoO 3 nanobelts were synthesized according to the reported literature [22] . The typical process is described as follows.
MoO 3 -1 nanobelts were synthesized through a hydrothermal method. Then, 0.8 mmol (0.9885 g) (NH 4 ) 6 Mo 7 O 24 ·4H 2 O was added to 20 ml deionized water, and 2 mmol (0.7278 g) cetyltrimethylammonium bromide (CTAB) was added to the above solution with constant magnetic stirring. Next, 20 ml HNO 3 (2.2 m) was added to the solution in a dropwise manner, and subsequently, a white precipitate was formed. Finally, the suspension was transferred to a 100 ml Teflon-lined autoclave and heated at 180°C for 20 h. After the hydrothermal reaction, the light blue product was washed twice with ethanol and acetone, respectively, and dried at 80°C.
The preparation process of MoO 3 -2 nanobelt is similar to that of MoO 3 -1 by changing the adding order of deionized water and HNO 3 .
The MoO 3 -3 sample was obtained by a hydrothermal method as well. Then, a 25 ml saturated water solution of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O was ultrasonicated for 10 min, and 2.2 mol/l HNO 3 was added to the solution with magnetic stirring. The molar ratio of CTAB to (NH 4 ) 6 Mo 7 O 24 ·4H 2 O was 1 : 2. After the reaction, the suspension was transferred into a Teflon-lined autoclave and kept at 180°C for 40 h in a hot oven. The precipitate was separated by centrifugation, washed with deionized water, ethanol, and acetone several times, and dried at 80°C.
Synthesis of nanothermites
The Mo-Al-0 composite was prepared by adding MoO 3 -0 and 100 nm Al-NPs (MoO 3 /Al molar ratio 1 : 3) to 20 ml hexane by the ultrasonic method for 1 h. This formulation contains 36.0 wt% Al-NPs and 64.0 wt% MoO 3 -0 nanoparticles.
The Mo-Al-1 composite was obtained by mixing MoO 3 -1 and 100 nm Al-NPs (MoO 3 /Al molar ratio 1 : 3) in 20 ml hexane by the ultrasonic method for 1 h.
The Mo-Al-2 composite was synthesized by a selfassembly method. First, 0.1 g PVP was dissolved in 100 ml isopropanol. Then, MoO 3 -1 was added to the above solution and the mixture was ultrasonicated for 4 h. Next, the mixture was washed by isopropanol three times to remove the excess PVP and dried at 120°C for 1.5 h. Finally, the dried PVP-coated MoO 3 was mixed with Al-NPs in hexane by ultrasonication for 1.5 h.
The Fe-Al-0 composite was fabricated by typically the ultrasonic method. Then, 100 nm Fe 2 O 3 and 100 nm Al-NPs were added to 20 ml hexane in a sonic bath for 1 h. The composite is composed of 33.6 wt% Al-NPs and 66.4 wt% Fe 2 O 3 .
Characterization
The phase structures of the as-synthesized samples were determined on a Bruker D8 Advance X-ray diffracto meter (40 kV, 40 mA) with CuKα radiation (λ = 0.1542 nm). The morphology and microstructure were observed by field-emission scanning electron microscopy (FE-SEM; Quanta™ 250) and transmission electron microscopy (TEM; JEOL JEM-2100). An SDT Q600 V8.1 Build 99 thermal analyzer was applied to measure the thermal property of the thermite. The measurement was conducted from 40°C to 1000°C in nitrogen atmosphere with an increasing temperature rate of 20°C/min. A sensitivity calibration was done using a sapphire sample with a known specific heat for differential scanning calorimetry (DSC) data. A temperature calibration was conducted based on the melting onset temperature of pure metal samples of indium, tin, aluminum, and zinc. The drop weight impact test was used to obtain the characteristic height (h 50 %) of thermite by a custom-built drop weight impact tester with a 5 kg hammer.
It should be noted that all the reactions are performed in a nitrogen environment such that nitrogen from the surroundings may contribute to the oxidation of Al-NPs. The contribution from the reaction of Al-NPs and nitrogen may shift this optimum point from fuel rich toward stoichiometric. Unfortunately, the precise contribution of nitrogen in the reaction is yet unknown in this work, and the method for determining the equivalence ratio was solely based on the global reaction from Eq. (1) 
Crystal structure
X-ray diffraction (XRD) analysis was used to determine the phase structure of as-synthesized products. 
Morphology of MoO 3
The morphology evolution of MoO 3 prepared under different conditions was observed by TEM. As shown in The selected area electron diffraction (SAED) images in the insets of Figure 2D , F, and H show a single crystal pattern, indicating that the MoO 3 -1, MoO 3 -2, and MoO 3 -3 nanobelts grow along one special direction. These results show that the MoO 3 -1 is the best belt and the following discussion is mainly focused on MoO 3 -1-based thermite.
Characterization of Al/MoO 3 thermites
Crystal structure of composite thermites
The XRD pattern of 100 nm Al-NPs is displayed in Figure 3 . Typically, the diffraction peaks at 2θ = 38.5°, 44.7°, 65.1°, and 78.2° can be indexed to (1 1 No diffraction peaks of any other impurity were detected in the XRD patterns of Mo-Al-0 and Mo-Al-1, suggesting that Al-NPs were stable during the preparation process of composite thermites. As we can see from the XRD pattern of Mo-Al-2, the small broad peak from 10° to 15° is attributed to the existence of the PVP polymer [26] . Figure 4 shows the typical SEM and TEM images of Al/ MoO 3 composite thermites. As presented in Figure 4A and B, most of the Al-NPs in the Mo-Al-0 composite are agglomerated and there is no efficient contact between Al-NPs and MoO 3 nanobelts due to the big size of MoO 3 -0 and the weak interaction. The dispersion of Al-NPs in Mo-Al-1 was highly improved ( Figure 4B ) because of the smaller size of MoO 3 -1 belts. The TEM images of Al-NPs ( Figure 4D) show that the Al-NPs have a size distribution from 40 to 180 nm with a spherical shape. Compared to the samples of Mo-Al-0 and Mo-Al-1, Al-NPs in Mo-Al-2 ( Figure 4C ) have better dispersion and homogeneity around MoO 3 -1 nanobelts, which can be further confirmed by the results of TEM images ( Figure 4E and F) . This is mainly attributed to the assistance of PVP, which can provide binding sites for Al-NPs on the surface of MoO 3 nanobelts.
Morphology of Al/MoO 3 thermite
Thermal properties of Mo-Al thermites
Thermogravimetric analysis (TGA)/DSC was applied to measure the thermal properties of Al-NPs and Mo-Al composite thermites. Figure 5 depicts the TGA/DSC curves of Al-NPs, Mo-Al-0, Mo-Al-1, Mo-Al-2, and Fe-Al-0. To compare the difference between Al-NPs and thermites, the onset temperatures and released heat are listed in Table 1 . As shown in Figure 5 , the TGA% represents the percent mass change occurring at a given temperature and the DSC scale means the energy change in mW/mg. As seen in Figure 5A , there is a mass loss (3.6%) roughly from 41°C to 365.2°C in the TGA curve of Al-NPs, owing to the desorption of O 2 , H 2 O, and CO 2 on the surface of the Al-NPs. There are two exotherms during the oxidization of Al-NPs. The first exothermic reaction is from 365.2°C to 663.2°C, in which solid Al-NPs react with N 2 with ~ 2173.8 J/g heat released and 27.6% weight gained ( Figure 5A ). The weak endothermic peak at 663.2°C resulting from the melting of Al-NPs may overlap with the major exothermic peaks. The second exotherm is attributed to the reaction between the remaining melted Al-NPs and N 2 from 663.2°C to 912.7°C. The released heat during this step is about 3597.7 J/g. The onset temperature (540.8°C) was obtained using the tangent lines of TGA curves.
The DSC curves of Mo-Al-0, Mo-Al-1, and Mo-Al-2 ( Figure 5B-D) show an initial exothermic reaction from 400.0°C to 600°C, which is associated with the reaction between solid Al-NPs and N 2 , and the latter two exothermic peaks correspond to the reactions between melted Al-NPs and N 2 , as well as the reactions of melted Al-NPs and MoO 3 , respectively. The weak endothermic peak that overlapped with the major exothermic peaks at about 600°C may result from the fusion of Al-NPs. TGA curves show a 20% mass up from 400°C to 800°C, which is associated with the reaction of Al-NPs and N 2 . The thermites show a sharp mass loss at 825°C, with a residual mass of 50%, implying the sublimation of MoO 3 (http://webbook. nist.gov/chemistry/). As displayed in Figure 5 , the T onset of Mo-Al-0, Mo-Al-1, Mo-Al-2, and Fe-Al-0 are 474.8°C, 484.2°C, 478.5°C, and 514.8°C, respectively, which are 66.0°C, 56.6°C, 62.3°C, and 26.0°C lower than that of pure Al-NPs (540.8°C) and the thermites reported in Refs. [3, 12, 15] . This may correspond to the catalytic function of MoO 3 and Fe 2 O 3 . Therefore, MoO 3 can be used as a catalyst to improve the combustion and ignition of Al-NPs. The exothermic reaction temperature for Al-NPs decreases from 830°C to 783.7°C, 783.8°C, and 783.1°C in Mo-Al-0, Mo-Al-1, and Mo-Al-2 composites, respectively. An interesting phenomenon is found that there is an additional exothermic peak at about 830°C in the DSC curves of Mo-Al-1 and Mo-Al-2 composites. This may be caused by the reaction between newly formed MoO 3 (oxidization of reduced Mo during thermite reaction) and residual melted Al-NPs in the thermite system. It is worth noting that there is no exothermic peak in the DSC curve of Mo-Al-0 because of the large particle size of MoO 3 -0, the agglomeration of Al-NPs, and the long diffusion distance between Al-NPs and MoO 3 ( Figure 4A ).
By the integration of the exothermic peaks during the DSC test of Mo-Al-2, the exothermic heat from 400°C to 912.7°C is about 2626.9 J/g, whereas the theoretical reaction heat is 5548.9 J/g according to reaction (1) with the fuel-rich equivalence ratio of 1.5. (The reaction heat was calculated based on the data from http://webbook. nist.gov/chemistry/.) The heat released during DSC of Mo-Al-0, Mo-Al-1, and Fe-Al-0 are shown to be 2397.5, 2206.1, and 2615.8 J/g, respectively. As a result, the heat sequence from high to low is Mo-Al-2, Fe-Al-0, Mo-Al-0, and Mo-Al-1. Furthermore, the released heat of Mo-Al-2 is also high compared to the Fe 2 O 3 -and MoO 3 -based thermites in the reported references [3, 27] . The reason for the best thermal property of Mo-Al-2 thermite is that the self-assembly method can hinder the precombustion sintering between Al-NPs, thereby improving the interaction between Al-NPs and MoO 3 nanobelt due to the lone pair of electrons of the pyrrole group in the PVP. It can donate to form a covalent bond with metals or undergo a hydrogen bonding with polar species [28] . Therefore, the Al-NPs can be arranged around MoO 3 nanobelts in an ordered manner, and these thermites can provide more active sites and higher rate of energy release and increase the contact areas between Al-NPs and MoO 3 nanobelts. Based on the research results of Zachariah's group, the reaction between metal and oxidizer occurs at the surface of particles, and Al-NPs will melt and coalesce to bigger particles before reacting with the oxidizer on a fast timescale, which is called the pre-combustion sintering process [29, 30] . Therefore, the initial size and morphology of Al-NPs in Mo-Al-0 and Mo-Al-1 were dramatically changed before the redox reaction, suggesting a possible reason why nanostructured particles cannot react as fast as expected.
Impact sensitivity of the Mo-Al-2 composite
In the report of Aumann et al. [10] , Al/MoO 3 powder mixtures are highly sensitive to ignition by electrical spark and fraction and the storage and transportation of Al/ MoO 3 thermite will be a challenge. Therefore, the impact sensitivity of Mo-Al-2 was tested by the drop weight impact test. This is a common and convenient method to assess sensitivities, and the results can indicate the ignitability of the propellant, explosive, and thermite. In the test, 3 mg of a thermite sample were placed between a flat tool steel anvil and a polished surface of a tool striker. Typically, a 2.5 kg weight was dropped from a predetermined height to the striker (in this test, we used a 5 kg hammer owing to the insensitivity of as-prepared Mo-Al-2). The result of the event was determined by a combination of sound, smell, and visual inspection of the thermite. A sequence of 25 tests was carried out and the result was quoted as characteristic height (h 50 %), at which 50% of the tests result in explosion [31] [32] [33] . The result shows that the h 50 % value of Mo-Al-2 is higher than 100 cm, and we cannot increase the height of the hammer because 100 cm is the limited height for our hammer apparatus. This means that the thermite of Mo-Al-2 has low impact sensitivity [34, 35] . It is easy to store and transport for the application of Al/MoO 3 thermite. Because of the inaccurate and irreproducible results of the drop weight impact test, three experiments were repeated to calculate the average h 50 % of Mo-Al-2 at 3 different days.
Conclusion
The additive sequence of HNO 3 and deionized water and the concentration of (NH 4 ) 6 nanobelts. The self-assembly method can be used to obtain highly dispersed thermites. The onset temperature of Al-NPs decreased by 56.6°C-66°C in the presence of MoO 3 nanobelt. MoO 3 nanobelt can be used as a catalyst for the ignition and combustion of Al-NPs. Mo-Al-2 releases much higher heat than Mo-Al-0 and Mo-Al-1 because the selfassembly method can reduce the distance between Al-NPs and MoO 3 nanobelts and decrease energy loss.
